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ABSTRACT

The fluctuating torques applied by wind forces are an
important source of error in the servo systems required
to aim large antennas for radar and radio astronomy. As a
step toward providing design information for estimating and
minimizing these errors, direct measurements were made
of the wind-induced torque acting about the elevation axis
of a 60-ft Kennedy paraboloidal antenna. Torque was meas-
uredby astrain-gage bridge and recorded on magnetic tape.
Sixty runs, each of 33 minutes duration, were recorded. A
mean-squared torque spectral-density curve was obtained
for each run. A two-variable function of the form used by
Newton and others gives a good fit with these data. The
half-power frequency values ranged from 0.029 to 0.29
radian per second, with a median value of 0.11 radian per
second. A second corner frequency in the vicinity of 2.0
radians per second was also observed.

Peak torques were observed during certain runs, and
equivalent aerodynamic moment coefficients were derived.
Root-mean-square v a I u e s of wind-torque variation were
obtained for all runs.

PROBLEM STATUS

This is an interim report on one phase of the problem;
work on this and other phases is continuing.

AUTHORIZATION

NRL Problem R05-04
Project RF 008-04-41-4500

Manuscript submitted July 29, 1960.
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WIND-INDUCED TORQUES MEASURED ON A LARGE ANTENNA

INTRODUCTION

In the design of the servo systems which are required to aim tracking antennas for
radar and radio astronomy, a number of performance requirements must be met. The
basic requirement, and the one which receives most attention in the literature, is the
tracking problem, which is determined by the path of the intended targets and by the allow-
able error. This report is concerned with another major problem-that created by "output
disturbances" such as wind and ice loads acting on the surfaces and structure. In the case
of large parabolic antennas, the fluctuating torques applied by wind forces require serious
consideration as a design factor, especially for equipments required to operate in adverse
weather conditions. When tracking rates and accelerations are small, as in most radio-
astronomical applications, the wind-induced disturbances may become the limiting design
factor even when the winds are moderate.

Needless to say, the use of a radome eliminates this design problem. However,
radomes have their own problems, and because of their great cost and their possible effect
upon the antenna pattern, they may not offer the best solution in all cases. The need, there-
fore, will continue for the designers of many large antennas to consider analytically the
effect cf wind-induced torque upon the pointing accuracy of an antenna.

If wind velocity could be represented as a constant or as a slowly changing quantity,
a fairly straightforward application of aerodynamic drag coefficients would give a torque
value for any desired combination of antenna position and wind velocity. This procedure
is, of course, useful for structural design, and it has even been used with some success
to predict the power requirements for a constant-velocity azimuth drive on a search radar
antenna.* Unfortunately, the outstanding characteristic of wind velocity measured at low
altitudes over shore :tes is its random variation, both in magnitude and in direction. As
an example of this variation, Fig. 1 shows simultaneous recordings of wind speed and
direction measured at one antenna site over a period of several minutes.

Analytical methods have been developed for determining the mean-square error caused
in a system by the application of a stochastic disturbance, and further, for minimizing this
error.t These methods require a statistical description of the disturbance, in the form of an
autocorrelation function or of a power density spectrum (1/21r times the Fourier transform
of the autocorrelation function). Since the disturbance of interest to this study is a torque,
the transformed function may be more meaningfully described as the "mean-squared torque
spectral density" (in this report, the term "torque spectral density" will be used for
brevity). One procedure for deriving this function would begin by using an antenna "aero-
dynamic constant" to operate upon an expression representing the characteristics of the
wind. Neglecting the effect of velocity changes upon drag coefficients, as well as the effects

P. A. Crosby and D. A. Regillo, "'Rotative Power for Large Antennas," Am. Soc. Mech.
Engrs. Paper No. 59-A-268.

GJ. G. Truxal, "Automatic Feedback Control System Synthesis," Ch. 8, New York:McGraw-

Hill, 1955.
G. C. Newton, L. A. Gould, and J. F. Kaiser, "Analytical Design of Linear Feedback
Controls," New York:Wiley, 1957.
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Fig. 1 - Wind at NRL, antenna site, Stump Neck Annex, April 8, 1959

of fluctuation in wind direction, and further assuming that the variations in velocity are
relatively small, the variation in wind torque can be expressed by the following:

af = 21.V v(t) (1)

where Mf = fluctuation in wind torque, lb ft

K, = antenna aerodynamic constant, lb ft per (ft/sec)2

V = mean wind velocity, ft/sec

VW t) = instantaneous variation of wind velocity from its mean value, ft/sec.

Given a suitable statistical description of the wind-velocity fluctuation vWt) and Eq. (1),
a torque density spectrum can be obtained and used analytically to predict servo-system
error. While this approach is undoubtedly adequate for antennas of the order of 10 feet in
diameter, it is difficult at this time to justify its use for large Antennas, if their tracking
requirements are at all exacting. Among the problems relating particularly to this
approach may be listed the following-

1. Can wind data taken at a single point be ose:! as a tolerable substitute for the com-
plex structure of actual wind?

2. If not, how detailed must on-site data be, in order to describe the wind adequately?

3. Over how long a period of time need these data be collected ?

4. How is an accurate "aerodynamic constant" to be obtained, and how good is it?

5. To how great an extent does the presence of the antenna structure invalidate the
use of on-site wind data taken before its construction?

A direct measurement of the fluctuating wind torque made upon an existing antenna
evidently bypasses these problems, except for the question of time, and should yield a
sound basis from which a statistical expression of the torque may be derived. The expres-
sion could then be used in design or analysis of the servo system in which this particular
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antenna is the major component. It is believed that in the absence of better data (the
present situation), the results of such measurements could be useful in the design of con-
trol systems for other antennas.

This report describes the measurements of wind-induced elevation-axis torque made
by members of the Equipment Research Branch, Radar Division, upon a 60-ft-diameter
parabolic antenna. Results are presented and discussed.

The elevation-axis torque was obtained by calibrating and measuring the strain in the
crank arm which moves the antenna about the elevation axis. The output of a strain-gage
bridge was recorded on magnetic tape. Sixty runs, each of 33 minutes duration, were
recorded on 19 different days during the months of October, 1958, and February through
June, 1959. Runs were made with the antenna at three different elevation angles and five
different azimuth angles relative to the wind.

Mean-squared torque spectral density curves were obtained for the time interval
represented by each run, with the aid of a spectrum analyzer. It was found that these
curves could be approximated by the equation

TT = K ) ). (2)

In this equation, w is the frequency variable, -b is the half-power frequency, or 'first
corner frequency," and w1 the 'second corner freqaency." The low-frequency value K of
the function was found to be a fourth-power variable of the average wind velocity, while wo
varies slightly around a mean value of 0.12 rad/sec. The quantity -,, evaluated for only
three runs, ranged between 1.6 and 2.4 rad/sec.

Peak torques were observed during certain runs, and equivalent aerodynamic moment
coefficients were derived. Root-mean-square values of wind torque variation were obtained
for all runs.

DESCRIPTION OF ANTENNA AND SITE

The measurements to be described were taken upon a 60-ft-diameter, azimuth-
elevaiion mounted paraboloidal aatenna located at a field station of NRL. The antenna,
shown in Fig. 2, was built in 1956 by the D. S. Kennedy Company of Cohasset, Mass. The
paraboloidal surface, 60 feet in diameter, is made of 3/8 x 0.064 in. "Squarex" expanded
aluminum metal on a framework of aluminum tubing. A truss, also of aluminum tubing,
serves to attach this paraboloid to the ends of the elevation shaft of an azimuth-elevation
mount. The antenna feed is supported at the focal point by three laminated fiberglass
spars.

The mount, which serves to support and to aim the paraboloid, consists principally
of a base, an azimuth turntable with drive mechanism, an elevation shaft with drive unit,
and the data readout systems. The steel base structure (Fig. 2) is bolted to the top of a
two-storey concrete blockhouse, about 20 ft high. The azimuth turntable, at the top of the
cylindrical portion of the base, is driven by an electric motor acting through a gear drive
inside the base. This turntable carries the elevation shaft bearings and the elevation drive
unit. The elevation shaft to which attaches the truss which supports the paraboloid is
rotated about its axis by a ball-bearing jackscrew acting on the elevation crank arm, as
sketched in Fig. 3. (Part of this mechanism can be seen in Fig. 4.) The jackscrew, in
turn, is driven by an electric motor acting through a gear train inside the elevation drive
housing. The altitude of the elevation axis is approximately 57 ft above the nearby ground.
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Fig. Z - NRL 60-ft antenna
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Fig. 4 - Closeup view of antenna, showing elevating mechanism

The juncture of the paraboloid supporting truss with the left-hand end of the elevation shaft,
part of the left-hand elevation bearing housing, part of the crank arm, the elevation drive
housing, and the elevation drive jackscrew pivot bearing can be seen in Fig. 4.

The antemna site, a small clearing in a densely wooded area, is located at the high
point (elevation approximately 140 ft) of a small plateau in the eastern part of the Stump
Neck Annex of the Indian Head Naval Powder Factory.* Seven hundred yards to the north,
an 80-ft bluff overlooks the mile-wide mouth of the Mattawoman Creek~and the Potomac
River. Another steep drop, a thousand yards to the west, overlooks a marsh, the low-lying
land of Stump Neck, and the river beyond. To the south, the land drops gradually from the
site to the course of a branch 400 yards distant and 70 ft below the site elevation. The land
to the east is nearly level for a distance of 800 yards, Beyond this it is broken by a suc-
cession of steep-walled ravines. With the exception of two roads to the north, and a clearing
of about two acres northwest of the site, the land is wooded to a radius of 800 yards or
more in all directions from the site.

The plan view, Fig. 5, shows the locations of the blockhouse, service tower, and
access road, and the outline of the cleared area. Beyond the limits of this cleared area,
trees have been cut so that none are higher than about 56 ft above the ground in this area.
An aerial photograph of the site is shown in Fig. 6.

Indian Head, Md, Va Sheet 5561 U SW, Series V833, Army Map Service.
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INSTRUMENTATION FOR MEASUREMENT

Introduction

Initially, it was desired that instrumentation be provided which would give a contin-
uous indication of torque exerted on the antenna by winds from 5 to 50 knots. Since the
measurements were to be made only during intervals between periods of antenna use, it
was necessary that the installation neither interfere with nor be damaged by operation of
the antenna. The frequency range expected to be of greatest interest for design of control
systems was that from 0.1 to 10.0 radians per second. No exact specification was placed
on accuracy; the initial objective was merely to produce information which would have
sufficient accuracy to be significant.

Three general methods of measuring antenna torque which immediately suggest them-

selves are:

1. Use of external equipment to restrain the antenna and measure torque

2. Use of a drive motor as a dynamometer

3. Measuring strain in one of the structural members which are loaded by an
applied torque.

The large size of the antenna precluded serious consideration of external torque meas-
uring equipment. The dynamometer approach was discarded because the uncertain trans-
mission characteristic of the elevation drive system, and especially of the jack screw,
would have made any measurements about the elevation axis most difficult, if not impos-
sible, to interpret. The large magnitudes of the coulomb friction and the lost motion in
the azimuth drive similarly appeared to preclude dynamometer measurement of azimuth
torques.

The use of strain measurements was much more promising. It appeared, for example,
that measurement of the bending in the elevation crank arm (Fig. 3) would provide good
information on elevation torque. Measurement of torsion in the antenna base would give a
description of the azimuth torque. It was decided initially to make measurements about
the elevation axis only, in order to limit the magnitude of work undertaken.

Strain Instrumentation

In order to obtain frequency spectra of the wind torque, it was first necessary to
measure and record this torque as a time function. A block diagram of the instrumenta-
tion appears as Fig. 7. Any torque applied to the paraboloid will be applied in turn to the
elevation crank arm, causing a deflection of this arm approximately proportional to the
applied torque. This deflection is sensed by a strain-gage bridge supplied with a 19.5-cps
reference voltage. The output of the strain-gage bridge is amplified, and is then recorded
by a magnetic-tape recorder.

The desire to conduct measurements in winds of from 5 to 50 knots was interpreted
for design purposes as a requirement to measure torques from 1500 to 200,000 lb ft.
Approximate calculations indicated that for the lower torque value, the stress in the
extreme fibres of the steel elevation crank arm would be of the order of 40 lb/in. 2 . Mem-
bers of the Mechanics Division had advised that SR-4 strain gages would give inaccurate
results at the low strains corresponding to this stress (1.4 x 10-e in./in.), especially when
the strain would reverse from tension to compression.
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Fig. 7 - Block diagram of instrumentation

The difficulty of working with small strains subject to reversal was overcome to a
large degree by the use of a 'strain multiplier" and preload mechanism. The principle of
strain multiplication used may be explained simply by applying ordinary engineering anal-
ysis to a cantilever beam of constant cross section. The beam of length L1 shown in Fig. 8a
is subjected to a concentrated load P. Let

E = modulus of elasticity of the beam

I = moment of inertia of the cross section of the beam

c = distance from the neutral axis of the beam to the extreme fiber

M, = PL 1 = maximum bending moment.

The corresponding maximum normal strain is given by

Mlc PL~c MIC P~ic(3)
ElI El

Let E be deflection at the end of the beam. Then

21-. (4)
3EI

Now suppose that a point of the fixed structure is available near the end of the beam
so that a tension member can be connected from the end of the beam to the fixed structure,
as indicated in Fig. 8b. This member, designated Part 2 in the figure, will be called the
"strain specimen" in this report. If this strain specimen has negligible axial stiffness, it
will not affect the value of S. Furthermore, since it is attached to the end of the beam, the
total deflection of the specimen will also be equal to 8.

FIXED STRUCTURE ,

L,2

p P

o b

Fig. 8 - Principle of strain measurement
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Let c2 be the normal strain in the specimen. Then
8

- 8~ (5)E2 L2

where L. is the length of the specimen (assuming uniform cross section). Substituting for
8 from Eq. (4),

pL3

2 - (6)2 3EIL 2
(

The ratio of the strain in the specimen to the maximum strain in the beam is then

- 1 (7)

C I 3cL 2

This equation, then, expresses the strain multiplication, or "amplification" which
would be obtained if the specimen could be made of negligible stiffness compared to the
beam. As an example, assume the length of the beam to be 30 in., the length of the strain
specimen 2 in., and the depth of the beam 10 in. (c = 5 in.). Then

E2 302
.- 30.

The strain-measuring equipment is shown in Fig. 9 as mounted in the laboratory
for test. In this setup, the larger steel beam at the bottom, Part 1, is used to simulate
the member whose strain is to be measured, i.e., the elevation crank arm. The upper
beam (a 6-in. H-beam) performs the function of the fixed member of Fig. 8. The tensile
strain specimen, shown as Part 2, is made of magnesium with a cross-sectional area of
only 0.0178 sq in., so that its stiffness will be small compared with that of the beams. The
design of these members is more fully explained in Appendix A. The strain specimen is
shown in Fig. 10 with strain gages attached.

Fig. 9 - btrain-measuring equipment setup
in laboratory
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Fig. LU - Strain specimen

Preload Mechanism

Since the strain specimen is usable only when under tension, a device was required to
adjust and maintain a tensile preload on the member. A remotely controlled preloading
mechanism was designed for this purpose. The mechanism, mounted on the H-beam, is
shown as set up in the laboratory in Fig. 11. The specimen is clamped to one end of a
lever. A lead screw operated by a size 15 two-phase motor through a 10,000:1 gear
reduction presses upon the lever on the opposite side of the fulcrum to apply tension to
the specimen. Another lead screw, driven by a 1-rpm gear motor, drives a traveling nut
which locks the mechanism after adjustment. At full speed, the tensile strain in the spec-
imen is increased at the average rate of approximately 26 microinches per second. The
remote-control unit for the two motors is shown in the lower part of Fig. 9. An important
secondary function of the preload mechanism is the adjustment of the carrier level of the
input to the recorder.

Wind Instrumentation

The objective of the wind instrumentation was originally intended merely to charac-
terize the type of wind blowing during a run. Wind velocity and direction were measured,
transmitted, and indicated by the Wind Measuring Set AN/UMQ-5. The aerovane-type trans-
mitter was mounted at an elevation of 70 ft above the ground on a mast extending above the
servicing platform north of the antenna. This aerovane can be seen in Fig. 6. The velocity
and direction signals were recorded by a Wind Recorder NAX-1-48 (pen and ink). The
calibration of this wind measuring set was checked by mounting it above a rail car and
running at various constant speeds over a section of the Washington, Brandywine, and Point
Lookout Railroad.

Recording

The output of the strain-gage bridge was amplified and recorded by an Ampex Recorder,
Model 401 A, using Mylar tape. The tape drive of the recorder had previously been
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<I 51

Fig. 11 - Preload mechanism and strain specimen

modified at NRL to provide extremely low tape speeds. Choice of tape speed is discussed
below in the section on "Spectrum Analysis." A carrier frequency of 19.5 cps was chosen
to avoid interference problems.

Calibration

The initial calibration of the torque-measuring instrumentation was obtained as fol-
lows. The strain-gage bridge was balanced with no load, and 2 volts excitation. A pre-
load was then applied to obtain a predetermined voltage level at the bridge output. Cali-
bration was then obtained by applying a known torque to the antenna and observing the
amplified output of the strain-gage bridge as indicated by the voltmeter (Fig. 7). Torque
was applied with the antenna in the stowed (90-degree elevation) position by exerting a
downward force on a line attached to the framework of the antenna at an effective radius
of 10 ft. The force was measured with a spring scale. A calibration curve of bridge
voltage versus torque is presented on Fig. 12.

When the antenna is pointed at the zenith, with the elevation crank arm horizontal, a
small weight placed on the H-beam supporting th( upper end of the strain-gage "specimen"
produces the same strain in the specimen as a large torque appl4 ed directly to the antenna.
The factor relating the strains produced by the two procedures was obtained by performing
this secondary calibration immediately after the direct procedure. Subsequent calibrations
using the small weight were made frequently during the life of the project to guard against
shift of amplifier gain, change in gage sensitivity, or other factors.

Performance of Torque Instrumentation

Dynamic Range - The strain instrumentation shown on the block diagram of Fig. 7 and
described above proved sufficiently sensitive to give indications whenever the wind velocity
reached 1 knot. The only upper limit on torques to be measured would be the failure of the
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Fig. 12 - Calibration curve,
torque instrumentation

strain specimen. This was designed to survive loads caused by winds in excess of 80 knots,
far faster than any wind speeds observed during these experiments.

Linearity - Hysteresis (probably caused by the friction in the elevation trunnion
bearings is the major nonlinearity. From Fig. 12, the width of the hysteresis loop is seen
to be about 300 lb ft. The strain specimen would reach its proportional limit with winds
greater than about 60 knots.

Frequency Response - The strain instrumentation should have a flat frequency response
from zero to very high frequencies. The torque measurements, however, are affected by
the transfer response of the antenna between the area of application of wind torque and the
elevation crank arm. The lowest natural frequency of the antenna response to excitation
about the elevation axis occurs at approximately 2.0 cps. Therefore, the transmission of
torque to the elevation crank arm, and hence the torque measurements, are essentially
flat out to about 1/2 cps, or 3.1 radians per second. (If necessary, a frequency calibration
could have been made in order to extend the useful data out to 10 radians per second- This
proved to be unnecessary, because practically no data were obtained beyond 3 radians per
second.)

Drift - Standard techniques were used to minimize thermal drift of the strain-gage
bridge. All four strain gages were taken from the same lot. Two gages made of the same
material as the specimen and serving as passive arms of the bridge were mounted on a
strip located as close as possible to the strain specimen. The gages were shaded from
the direct rays of the sun by an aluminum cover.
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Upon initial installation of the strain-measuring equipment, the output of the preloaded
bridge exhibited a severe drift, especially when the sun was shining. When the preload
was removed, however, the bridge returned to balance. This condition indicated that the
drift was a measure of a changing strain in the specimen, explained qualitatively as follows.
Figure 13a is an outline sketch of the H-beam miounted on the elevation crank arm. Figure
13b indicates schematically the relative positions of the neutral axis of the H-beam and of
the crank arm. The heat of the sun would cause the temperature of the top of the H-beam to
rise more rapidly than the temperature of its bottom. This would cause a downward deflec-
tion of the end of the H-beam, as indicated by a dashed line in Fig. 13b. A similar deflec-
tion can be expected to occur in the crank arm. The difference in the geometry and thermal
characteristics of the two members will, in general, cause different rates of deflection.
Thus, an initial end separation do, Fig. 13b, becomes at some later time the separation
d1 . This relative deflection will, of course, induce a change of strain in the specimen of
magnitude

2 L 2

INIDOENT RADIANT HEAT

/H - REAM

- v -CRANK ARM

Fig. 13 - Thermal strain
drift problem

(o

.--

b I

It was not practical to provide effective thermal insulation for the entire elevation
crank arm and H-beam assembly. This thermal drift, however, was greatly mitigated by
the construction of an insulating box for the H-beam which served to match approximately
its deflection rate with that of the crank arm. Figure 14 shows this box enclosing the
equipment mounted on the crank arm. The exterior of this insulating box is also partially
visible in Fig. 4. Thermal drift remained a problem throughout the tests whenever runs
were made during periods of strong sunlight.

FIELD PROCEDURE

The field procedure was as follows:

1. Warm up equipment.

2. Calibrate with weight on H-beam.
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Fig. 14 - Strain-measuring equipment setup on antenna

3. Position antenna in azimuth and elevation to obtain desired position with respect

to wind.

4. Preload strain specimen.

5. Record wind torque (bridge output), velocity, and direction for duration of run.

It was desired to obtain recordings of wind torque versus time with the antenna ele-
vation angle set at zero, 45, and 90 degrees (zenith). With the antenna elevation angle at
zero and 45 degrees respectively, runs were planned with the relative bearing of the wind
approximately at zero, ±45, ±90, +135, and 180 degrees. With the antenna pointing at the
zenith, the symmetry renders runs at zero and 180 degrees equivalent, also 45 and 135
degrees. Fewer runs were therefore required for coverage at this elevation angle. It
was desired to obtain at least two or three runs at each of these thirteen values of rela-
tive wind bearing. It was further desired to obtain a comparatively large number of runs
at each of two or three relative bearings, so as to reveal functional relationships, if any,
with observed wind characteristics. It was obviously desired to obtain these runs with as
great a variety of wind conditions as possible, with emphasis on the higher wind velocities.

For each run, the specimen preload must be such as to satisfy the following

requirements:

1. The strain-gage specimen must be always in tension during the run.

2. The tensile stress in the specimen must remain below its elastic limit and, if
possible, below its proportional limit.

3. The modulation of the carrier must not exceed 100 percent in a downward
direction for any appreciable part of the run.

4. The percentage modulation should be as high as possible, consistent with the
other requirements.

5. The input voltage level at the recorder must remain within specified limits.
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If the first requirement listed above is met, the third requirement will automatically
be met. The second requirement was never a factor in the winds actually experienced,
although with winds above 50 knots it would have become a limitation on the preload. The
fifth requirement, recording level, could also be controlled by the amplitude of the bridge
excitation from the signal generator (Fig. 7). The preload criteria therefore reduced to
providing a preload great enough so that there seemed to be little likelihood of the ampli-
fier output going to zero, yet small enough that the fluctuations in the wind would cause a
significant modulation of the bridge output. The preload was set and locked using the pre-
load control box, and the setting was monitored by means of the ac voltmeter, which indi-
cated the output of the Ampex amplifier. A bridge excitation of 2 volts at 19.5 cps was
used for most runs. This voltage was reduced for a few runs made during exceptionally
strong winds in order to avoid exceeding the allowable input level for the recorder.

During the course of a run an observer would monitor the output of the Ampex ampli-
fier in order to detect drift and to check the preload. During a number of runs, note was
taken of the maximum output voltage observed.

A number of preliminary runs were recorded during September and October of 1958
using a tape speed of 3.54 inches per minute (ipm). Two runs, Nos. 60 and 61, were
recorded during this period at a tape speed of 1.18 ipm. All of the later runs, mostly
made during February, March, and April 1959, were recorded at this slower speed.

Table 1 lists the successful runs at 1.18 ipm in numerical order and displays the
basic experimental conditions for each run: antenna elevation and azimuth angles, average
wind speed and direction, and peak wind speed. Antenna azimuths relative to the wind are
also listed in this table.

ANALYSIS

Spectrum Analysis of Recordings

The instrumentatior. for analysis of the tape recordings is shown in the block diagram,
Fig. 15. A length of magnetic tape bearing the record of a run is spliced into a loop which
is continuously played back by an Ampex recorder (model 302). The output of the playback
amplifier is fed to a full-wave detector. The detector output is fed through a control panel
to a General Radio wave analyzer, type 736-A. The analyzer tuning is scanned over the
frequency range 0 to 500 cps by a motor drive. The output from the analyzer is recorded
on paper tape by a Sanborn recorder (model 127). For some runs, the output of the detector
was also fed through a blocking capacitor to a noise power meter.

In such a system, the frequencies of the recorded data are multiplied by the ratio of
playback speed to recording speed. Playback speeds of 30 and 15 inches per second (ips)
were available. Although the analyzer was arranged to scan the frequency interval 0-500
cps, it was actually effective only over the band from approximately 10 to 500 cps. Record-
ing at 3.54 ipm and using the 30 ips playback speed, a real frequency range is obtained
from 0.12 to 6.2 radians per second. Using the 15-ips playback speed with the same
recording speed, the real frequency range becomes 0.24 to 12.4 radians per second. Thus,
the equipment was capable of handling the frequency range originally postulated (0.1 to 10.0
radians per second).

As mentioned above, under "Field Procedure," a number of preliminary runs were
recorded using the tape speed of 3.54 ipm. Analysis of these runs showed that all of the
data (as played back at 30 ips) were concentrated in the frequency band below 150 cps.
The recording speed was therefore reduced to 1.18 ipm for all subsequent runs in order
to increase the frequency multiplication and thus make more effective use of the spectrum
analyzer. The effective frequency range then became 0.04 to 2.1 radians per second at
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Table I
Summary of Wind Conditions

Elevation Angle Relative Average Peak Wind Speed Average Wind Antenna
Run No Bearng* Wind Speed (Knots) Direction Azimuth) (Degrees) (Knots) (Degrees) (Degrees)

60 90 008 2.4 6.0 148 140

61 90 006 2.3 6.0 146 140

84 90 040 Not Rec. 10 180 140

85 90 168 6.5 17 332 140

86 90 173 7.7 17 327 140

87 90 176 6.8 17 324 140

88 90 171 9.8 26 329 140

93 0 166 11.3 35 327 133

95 0 174 11.7 30 319 133

96 0 100 10.8 26 321 221

97 0 049 9.7 23 316 267

98 45 177 9.6 20 310 133

99 45 164 8.5 22 329 133

100 0 054 7.9 15 319 265

101 45 043 7.5 14 308 265

102 0 164 6.7 13 284 120

106 0 012 7.0 15 198 210

107 0 014 6.7 18 196 210

112 45 180 11.9 24 315 135

113 45 179 12.9 30 314 135

114 0 178 10.0 24 317 135

115 0 179 8.7 24 316 135

116 45 175 8.8 20 320 135

117 45 179 5.8 16 314 135

118 0 13P 5.5 20 318 180

119 0 137 6.9 22 317 180

120 45 084 10.2 20 336 060

121 45 086 8.0 20 334 060

122 0 085 8.0 20 335 060

124 0 124 9.0 19 334 210

127 0 -25 2.4 4.5 330 355
and and
+35 030

Bearing of antenna relative to wind.
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Table I (Continued)
Summary of Wind Conditions

Elevation Al Relative Average Peak Wind Speed Average Wind AntennaRun No. (egrevinAges Bearing* Wind Speed (nt) Direction Azimuth
(Degrees) 'Degrees) (Knots) (Degrees) (Degrees)

129 0 030 3.9 13.5 190 160

130 45 000 3.3 12.8 190 190

131 45 009 4.6 16.5 346 355

132 0 174 4.5 15 206 020

133 0 008 4.1 14.3 208 200

134 45 146 5.9 15 211 065

135 45 141 5.8 19 206 065

136 45 045 5.8 18 215 170

137 45 048 5.1 16 224 272

138 45 008 5.2 11.3 352 000

139 45 023 3.4 11.3 337 000

140 45 025 1.5 6.0 025 000

142 0 012 1.4 8.2 042 030

144 0 040 3.1 9.0 350 030

146 0 033 4.8 16 321 354

148 0 030 5.6 16.5 324 354

149 0 173 6.1 18 322 135

150 0 177 5.2 17 318 135

151 90 079 0.7 4.5 219 140

152 90 071 0.0 1.0 211 140

153 0 157 0.0 1.1 157 000

154 0 152 0.7 5.3 152 000

155 0 119 2.4 9.0 119 000

156 0 155 5.0 14 345 190

157 0 177 4.9 15 343 160

158 0 178 1.5 6.0 018 200

160 0 164 1.5 4.5 004 200

161 0 015 0.8 3.7 014 359

162 0 001 1.9 6.0 000 359

Bearing of anitenna relative to wind.
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Fig. 15 - Block diagram of instrumentation for spectrum
analysis of recordings

30-ips playback speed. In order to provide a sufficient length of tape to operate as a loop
with this equipment, runs of about 40 minutes duration were made. After cutting and
splicing, each tape contains data for a run of about 33 minutes. Since the period corre-
sponding to the lowest frequency is 157 seconds, this time of 33 minutes is sufficient for
more than 12 complete cycles, an adequate figure for recording and analysis.

This analysis is based upon the inexact, but practical, assumption that the statistics
of the wind do not change during a run.

Other Analysis

Wind - The average velocity of the wind for each run was determined by reading the
tape from the wind recorder at 30-second Intervals and taking the arithmetical average
of these readings. During several runs, when the speed recorder was inoperative, the
wind indicator was read directly and noted at 30-second intervals.

The wind-direction record from the recorder was averaged by eye over short intervals
appropriate to the character of the particular record. The arithmetical average of these
interval averages was then obtained for the run.

An example of the wind recorded at this site is displayed in Fig. 1. The upper record
shows the wind direction for three minutes out of Run No. 132. The lower record shows the
v'Ind speed during the same period.

Torque Data - The output of the spectrum analyzer for each run is a curve of voltage
amplitude versus frequency for the output of the strain-gage bridge. The analyzer outputs
for several typical runs are shown in Figs. 16 and 17. A plot of the mean-squared torque
density spectrum is desired for each run. To obtain this curve, the analyzer output curve
is squared, point by point, and replotted, after correcting for analyzer bandwidth, calibra-
tion factors, gain settings, etc.

The area under the torque spectral density curve represents the mean-squared value,
for the duration of the run, of the portion of the wind-torque spectrum lying within the
passband of the instrumentation. Since this instrumentation is more than adequate at the
high-frequency end of the spectrum, it can be said that the area under the torque spectral
density curve equals the rms value of all components of the wind-torque spectrum lying
above 0.04 radians per second. The areas were obtained by numerical integration without
actually plotting the curves on linear paper.
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A mathematical expression for the torque-density spectrum is desired in order to
use this type of data in the analysis of a servo system. For each run, the equation for
this quantity was obtained by curve fitting on a log-log plot of torque spectral density ver-
sus frequency. This process was based on the following two hypotheses: (a) since the func-
tion is obtained by a squaring process, the slopes of the asymptotes of the plots will be even
numbers, and (b) the low-frequency slope must be zero, because the torque at zero frequency
cannot be infinite.

The equation for torque spectral density must therefore be of the form

4TT = K (- + -)1~ ~+2~

Inspection of the log-log graphs of the 60 satisfactory runs reveals that the function
whose asymptotes are indicated in Fig. 18a seems to provide a good fit to the data for
most runs. The torque spectral density would therefore be expressed in the form

<TT q + 21 (9)

LOG FREOUENCY LOG FREQUENCY

(a) Two-parameter (b) Three-parameter
curve curve

Fig. 18 - Asymptotes of spectral-density curve

A function of this form is used by Newton and others.* The log-log graphs of four of the
runs shown on Figs. 16 and 17 are plotted on Fig. 19. On each of these graphs, a curve
is drawn satisfying Eq. (9). The asymptotes and the values of K and ab are indicated.

It can be seen from Fig. 19 run 95, that there is evidence of a high-frequency corner,
-,.occurring at about 1.5 radians per second, with a minus-4 slope at higher frequencies.
This would suggest a function with asymptotes as indicated on Fig. l8b. A large number
of the other runs (not reproduced here) seem to indicate a similar high-frequency corner.
These data, however, do not clearly define the corner, because it occurs too close to the

Newton, Gould, and Kaiser, op. cit. p. 259.
D. K. Barton, "Final Report, Instrumentation Radar AN/FPS-16 (XN2),"
Radio Corporation of America, Moorestown, N. J., Feb. Z7, 1959.
Moll, Kirschbaum, Wetherbee, and Weimer, "Results of Computations on Wind-Velocity
Data," Battelle Memorial Institute, Columbus, Ohio, April 15, 1959.
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upper limit of the frequency range obtained at the 30 ips playback speed. By playing the
tapes back at a slower speed, it should be possible to obtain a better picture of the high-
frequency end of the spectrum and to identify the frequency of this second- corner. Three
tapes were therefore played back at 15 ips as well as at 30 ips. Values for this second
corner frequency, <.,, ranging from 1.6 to 2.4 radians per second were obtained for runs
88, 93, and 116. Log-log plots of 4 TT vs - for these runs are shown in Fig. 20.

It is concluded, then, that torque spectral density can be more precisely expressed
in the form

K (÷i- K(__02 2) (10)

RESULTS

Continuous recordings of the wind-induced elevation torque were obtained for 60 runs
of about 40 minutes duration. After the magnetic tapes had beentrimmed and spliced into
loops, each run represented 33 minutes: thus the total time represented by the data
reported here is 32.5 hours. The peak reading of the wind speed during these runs was
35 knots. The maximum average speed over any complete run was 12.9 knots. The speed
of the fastest mile of air was about 20 statute miles per hour. As noted above, the experi-
mental conditions for these runs are summarized in Table 1.

The values obtained for the principal characteristics of the torque-density curves are
listed in Table 2, wherein each row sets forth the results of a single run. In this table, the
runs are separated into 14 groups according to aitenna elevation angle and bearing angle
relative to the wind. The grouping follows the plan outlined under "Field Procedure." The
bearing demarcation between groups with 45 or 0 degrees elevation angle is shown on Fig.
21. In the case of 90-degrees elevation, groups I and V are identical, as are groups !I and
IV. The observed elevation and relative bearing angles are given for each run in the col-
umns numbered 1 and 2 of the table.

Within each group, runs are listed in order of the observed average wind speed, col-
umn 3. The observed peak wind speeds are listed in column 4. The quantity K and the cor-
tier frequency a., defined by Fig. 19 are listed in columns 5 and 6, respectively. The
product KIo, taking proper cognizance of the units involved, is tabulated in column 7. The
root-mean-square value of the torque within the band from 0.04 to 2 rad/sec is given in
column 8. The observed wind direction, believed to have a major effect upon the wind-
speed measurements, is given in column 9.

Relations Between Spectral- Density Characteristics
and Wind Velocity

Results taken from Table 2 have been plotted in Figs. 22 through 27 in order to dem-
onstrate the functional relationship, if any, between the quantity &-o and the average wind
speed observed. Since instantaneous wind torque is proportional to the square of the vel-
ocity, and since the quantity Kg• has the dimensions of torque squared per cycle per
second, it would be expected that the quantity K-, would have a magnitude proportional to
the fourth power of wind velocity. Figures 22 through 27 show log-log plots of K-0 versus
average wind speed, with a straight line drawn through each set of data to represent this
fourth-power relationship. It can be seen that the five groups of data plotted on Figs. 23
through 25 and Fig. 27 conform substantially to such a straight line, although the data on
Figs. 22 and 26 show a rather wide spread.
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Table 2
Summary of Mean-Squared Torque Density Spectrum Characteristics

Data Grouped by Antenna Orientation

0 1 2 3 4 5 6 7 8 9 10

Relative Elevation Retiv Average Peak K a Torque AverageElvaio K eaieIA.. e •. . x 0"If w x 10'I Kw. x 10-' Wind Ru o
Azimuth Angle Bearing Wind Speed Wind Speed I o (Rbu f r To re cWind

AImt (Knots) (lb' ft'/c*s (rad/sec)' (lb2 It') rma DirectionRuNoGroup 0(Degrees 1 _(re) Kos Kcp a s (lb ft) (Degrees) (

1- i Dges
0 015 g 0.8 3.7 37.2 9.6 0.569 418 014 161
0 012 1.4 2 32.8 1 10.3 0.539 809 042 142
0 001 1.9 6.0 15.5 13 0.321 377 000 162

2.4 4.5 15.5 11.5 0.204 629 000 127
2. 43 ,1 1.5 15 01.59 .8 2 0 2

0 030 0 3.9 13.5 247 10.9 4.29 2110 190 129
0 008 4.1 14 62 29 2.87 2060 208 133
0 030 5.6 16.5 78.2 21.8 2.72 1934 324 148
0 014 6.7 18 80.4 24 3.07 2230 196 107
0 012 7.0 15 144 18 4.13 2335 198 106

0 040 3.1 9.0 28.5 7.7 0.350 650 350 144
If 0 033 4.8 16 114.1 16 2.91 1948 321 146

0 054 7.9 15 125 24 4.78 2490 319 100
0 049 9.7 23 1300 13.3 27.6 5180 310 97

S0 085 8.0 20 80.6 1 17 2.18 1610 335 122
111 0 100 10.8 26 1212 16 31'.9 5990 321 96

0 119 2.4 9.0 80.6 3.9 0.501 630 119 155

IV 0 .138 5.5 20 105 21 3.52 2055 318 118
0 137 6.9 22 192 18 5.51 2690 317 119
0 124 9.0 19 118 21 3.95 2290 334 124

0 157 0.0 1.1 46.7 7.3 0.543 778 157 153
0 152 0.7 5.3 45.2 9.3 0.670 901 152 154
0 164 1.5 4.5 62.1 8.1 0.803 534 004 160

0 178 15 60 14 j .3 1.84 1316 018 158

0 174 4.5 I 15 320 12 6.12 2760 206 132
177 4.9 15 305 12 5.83 2820 343 157

0 155 5.0 14 159 16 4.05 2450 345 156
0 177 5.2 17 266 8.5 3.61 2130 318 150
0 173 6.1 18 1142 6.3 11.5 3380 .4 149
0 184 6.7 13 i81 7.9 4.79 2220 284 102
0 179 8.7 24 1441 18 41.5 6470 316 115
0 178 10.0 24 1108 17 30.0 5980 317 114
0 186 11.3 35 4070 18 117.8 13320 327 93
0 174 11.7 30 7070 15 169 113570 319 5

L_ _ _ I- J I_ 1
Bearing of antenna relative to wind.
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Table 2 (Continued)

Summary of Mean-Squared Torque Density Spectrum Characteristics
Data Grouped by Antenna Orientation

0 . 1 2 3 4 j 5 6 x 7 8 9 10

Relative Elevation Relative Average i Peak I x 10 _a Torque WInde r u

AzimuthI Angle Bearing Wind Speed I Wind Speed 1I0_ ft/ec .r... c .. (l IK) Direction R
Grcup (Degrees) (Degrees)* (Knots) (Knots) (l It /cps) (rad/se U It') (lb Det) Direes)tio n

2 1.5 0 0.8 9.7 1.09 989 025 140
45 I 000 j 3.3 12.8 168.2 11.5 3.08 1219 190 I 130186.3 7.9 1.09 1088 337 139

45 009 4.6 16.5 347.5 5.3 2.93 1766 346 131
45 008 5.2 11.3 203 9.7 3.14 1850 352 138

45 048 5.1 16 143 10.9 2.48 1665 224 137
11 1 45 045 5.8 18 216 8.5 2.93 1720 215 136

45 043 7.5 14 263 6.8 2.85 1584 308 101

45 086 8.0 20 1021 18 2.93 1893 334 121
45 084 10.2 20 1388 17 37.6 1938 336 120

4v 45 141 5.8 19 256 9.7 3.95 2145 206 135
45 146 5.9 15 202.5 12 3.88 2270 211 134

45 179 5.8 16 1060 9.9 16.7 3930 314 117
45 164 85 22 1193 18 34.2 6670 329 99
45 175 8.8 20 2220 8.2 29.0 5670 320 116

V 45 177 9.6 20 3710 9.1 53.8 8080 310 98

45 180 11.9 24 1278 9.7 19.7 4700 315 112
45 179 12.9 30 860 13 17.8 4875 314 113

I 90 006 2.3 6.0 17.28 9.1 0.250 360 146 61
1 90 008 2.4 6.0 7.79 12.1 0.152 289 148 60

90 168 6.5 17 477 7.3 5.55 2290 332 85
176 6.8 17 588 7.9 7.40 3070 324 87
90 173 7.7 17 354 9.1 5.13 2370 327 so

90 171 9.8 26 443 19.4 13.7 3705 329 88

90 040 Not Rec. 10 49.4 8.9 0.700 1912 180 84

090 071 0.0 1.0 359 2.9 1.66 1088 211 152

--- n90 o7 a0.7 4.0 67.9 6.0 0.649 877 219 151
*Bearing of antenna relative to wind.
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The values obtained for the first corner frequency, %, range from 0.029 to 0.29 radian
per second, with an average value of 0.12 and a median value of 0.11. No clear functional
relationship between -0 and wind speed was observed. If this frequency wo is indeed inde-
pendent of wind speed the factor K must evidently be also proportional to the fourth power
of the velocity. Values of ..b are plotted vs wind speed in Appendix B.

Moment Coefficients

A reasonably accurate knowledge of the moments and torques exerted by the wind is
essential to the design of the structure and the power drives of a large antenna. Although
static torque figures were not orginally listed as an objective of this study, it was found
possible to associate the velocity records of 13 particular wind gusts with peak torque
values which had been observed during certain runs. These wind velocities, the resulting
peak torques measured, and other related data are presented in Table 3.

The aerodynamic torque acting on a porous body of known geometry, such as an
antenna with reflector of expanded metal, is sometimes calculated by the following straight-
forward procedure. A wind-velocity profile across the reflector surface is hypothesized
(Fig. 28). Using drag coefficients based on wind-tunnel data, the force exerted by the wind
on any element of the surface can be calculated. The torque exerted about any desired axis
can then be found by multiplying the force on each element by its effective moment arm and
integrating over the entire surface of the reflector. The worst difficulty in the practical
use of this procedure lies in the assumption of a realistic wind profile. Because of the
square-law relation between wind velocity and aerodynamic force, moderate changes in the
assumed profile will yield substantial differences in the calculated torque value.
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Table 3
Moment Observations and Moment Coefficient

Elevation Relative Wind Wind* Maximum
Run No. Angle Bearing* Speedt Direction Moment Cm

(Degrees) (Degrees) (Knots) (Degrees) (lb ft)

93 0 166 35 327 172,000 0.24
93 0 166 24 327 72,300 0.22

132 0 174 10 206 17,500 0.30
160 0 164 4 004 2,040 0.22

133 0 008 14.3 208 19,430 0.16
129 0 030 13.5 190 17,650 0.17
148 0 030 12 324 11,230 0.170
127 0 035 4.5 030 2,480 0.21

130 45 000 12.8 190 12,380 0.13

136 45 045 20 215 17,500 0.076
137 45 048 14 224 7,070 0.062

134 45 146 15 211 19,430 0.15
134 45 146 12 211 14,120 0.17

88 90 171 26 329 33,300 0.085

Average value for run.

tVelocity at instant that torque was noted; usually a peak.

dF Fig. Z8 - Hypothetical vertical

profile of wind speed acting on
-- . ~ant enna~
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In wind-tunnel work with aerodynamic shapes, use is made of the equation

M ý CM (1)

where
M = torque (lb ft)

S = characteristic area of body (ft2 )

CM = moment coefficient

q = 1/2pV2 (lb/ft2 )

L = characteristic length of body

p = 0.00238 lb sec'ft-4 (density of air)

v = velocity (ft/sec)

The moment coefficient derived in most wind-tunnel work is determined by the geom-
etry of the body and its aspect angle relative to the uniform air velocity. To a lesser
extent, Cm is a function of the Reynolds number of the air flow, and hence of the velocity.

Values of Cm derived from the values of VT and M... listed in Table 3 by using
Eq. (11) are listed in the last column of the table. It will be noted that within each of the
first two groups of data, which are grouped by similar aspect angles, the values of C,
are quite consistent, except for the high value obtained from run 132. This value can
possibly be accounted for by the position of the aerovane, which was behind the antenna
for the combination of wind direction and antenna azimuth prevalent during run 132. (If the
true value of wind speed, VT were 12 knots, rather than the 10-knot value recorded, the
calculated value of C. for this run would have been 0.210.)

The values of c, obtained here, in contrast to wind-tunnel-derived values, are deter-
mined to a considerable degree by the prevailing wind structure at the site and are there-
fore strictly applicable only to this particular antenna at this particular site. It seems
reasonable to believe, however, that if wind-torque measurements were taken on similar
antennas at several different sites, a body of design information would become available
which could provide a basis for design which would be much more reliable than the use
of an assumed wind profile.

Root-Mean-Square Torque Data

Data regarding the rms values of the variable component of the wind-induced torque
would become essential if antenna designers were to consider fatigue in their design
studies. The rms torque data listed for each run on Table 2 are plotted by groups in
Figs. 29 through 32. These values, which could be used in servo analysis as an effective
alternate to K, were obtained directly by numerical integration of the mean-square torque
density spectrum over the effective real-time frequency interval of the analyzer and appli-
cation of the appropriate scale factors. As an alternative, the rms torque could have been
obtained by analytical integration of Eq. (9).
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Let Tr,_ = rms value of elevation torque.

Then

-... '2 2 tan-' (12)

where

"1 =lower limit of effective operation of analyzer = 0.04 rad/sec

"-2 =upper limit of effective operation of analyzer = 2.0 rad/sec.

The value of -o varies from run to run, as noted above. Using the average of all values
of this quantity listed in column 6 of Table 2 (- = 0.123), Eq. (12) becomes

T_ V 1.20 Ko. (13)

As would be expected, each group of data points plotted in Figs. 29 through 32 can be

approximated (on log-log paper) by a straight line. Thus,

Tr,_ ii TV
2  (14)

where To is the value of T•,, at I knot.

Values of TO can be obtained from the data for five different relative azimuth angles,
with the antenna in each case at zero elevation angle. The variation of this torque constant
with relative wind azimuth is shown and compared with a cosine-squared curve on Fig. 33.
It will be noticed that the ordinate of the point plotted at 90 degrees azimuth is substantially
greater than zero. This would be expected, when it is remembered that the wind direction
varied substantially during the course of the two runs (Nos. 96 and 122) which provided the
data for this point. During run 96, for example, the relative direction of the wind fluctuated
almost continually between 79 and 139 degrees, with a few gusts from angles as widely dis-
persed as 14 and 179 degrees relative. The character of run 122 was similar.

0l

0.8

Fig. 33 - Variation of torque . 0.6

constant with relative wind 0 -

azimuth, 00 elevation angle0.4 X\ .
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0 45 90 135 180
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Limitations of Results

The principal limitations of the data presented, in the stated frequency range of 0.04
to 2.0 rad/sec, are as follows:

1. Limited range of wind conditions represented

2. Thermal drift

3. Uncertainty of preload determination

4. Wind instrumentation

5. Processing noise.

The period of data collection included the latter part of February and the "windy
.nonths" of March and April. During this period, an effort was made to have a crew on
hand to collect data whenever fresh or strong winds were predicted, regardless of time.
Nevertheless, observed duration of strong winds was enough to permit only a few runs
under those conditions. No gales were observed.

The distribution of wind peak- and average-velocity conditions for the 60 successful
runs are indicated respectively in Figs. 34 and 35. It can be seen that peak velocities
greater than 25 knots occurred during only five runs and that average velocities of 10 knots
or greater occurred during seven runs.

20 -

15 
-

Z

.0

IE

5

0-5 5.1-10 10.1-15 15.1-20 .O.1-25 25.1- 30 3061-35

RANGE OF PEAK VELOCITIES (KNOTS)

Fig. 34 - Frequency distribution of run peak velocity

If the drift raused by the relative thermal strain between the elevation torque-arm
and the H-beam were to proceed at a uniform rate, the resulting ramp-type output from
the strain-gage bridge would appear at the analyzer as a sawtooth with a real time period
of about 32 minutes. The period corresponding to the lowest frequencies read from the
analyzer is about 2.6 minutes. Thus the 13th and higher harmonics, representing about
6 percent of the energy of the signal from this ramp-type drift, would lie within the band
of frequencies considered. During some of the runs characterized by light winds, it was
possible to note the drift in some detail. In certain cases, such as run 134, the fundamental
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drift period was a fraction of 32 minutes. In these cases, the action of drift would put a
very appreciable signal within the pass band of the analyzer.

It may be noted that in Figs. 22, 25, and 26, the points representing data from runs
with extremely low average wind speeds all stand far above the lines drawn to represent
the consensus of the data. This can be in part attributed to thermal drift. The remainder
of the discrepancy is probably caused by the lack of precision of the wind instrumentation
as well as the limitations inherent in the attempt to represent the wind velocity over an
area by measurements taken at a single point.

The instrumentation described permits the magnitude of the preload voltage to be
observed only when the wind velocity drops to zero. This happened with sufficient fre-
quency not to cause any particular delay in the taking of data, except on the one or two
days with the strongest winds. Even on these occasions, it was found that the wind never
failed to drop nearly to zero at some moment during the 40-minute run. This appeared
to give sufficient knowledge of the preload to determine that the permissible limits of
modulation were not exceeded.

It is evident that the single anemometer gives a strictly limited description of the
wind occurring at the site. In particular, when the wind blew from southerly directions,
the anemometer was partially blanketed by the antenna. (See the site plan, Fig. 5.) A
majority of the runs, however, were made with winds from northerly and westerly direc-
tions (Table 1).

Application of Results

In the absence of more directly applicable data, there would be some reason to attempt
extrapolation of some of these results to apply to other antennas. For example, the maxi-
mum torque figures might be used to check elevation-torque requirements at a given design
wind velocity. The values of c, from Table 3 could be used, with some caution, paying
due regard to the differences in surface material and in structural arrangement. Probably
the greatest risk in this extrapolation lies in the difference in wind-velocity profiles and
distributions which may exist between different sites. It is felt that this site probably has
rather extreme velocity differentials for a given reference velocity; therefore use of the
values of C, derived here will probably be conservative.

bi using the torque-density spectrum data for predicting servo errors for other anten-
nas, the factor K should be scaled by the ratio between the respective antenna diameters
raised to some power ranging between 6 and 6-4/7, and by the fourth power of the average



38 NAVAL RESEARCH LABORATORY

wind velocity considered. (See Figs. 22-27.) The frequency parameter -" could be
chosen after referring to the plots in Appendix B. At present, there does not seem to be
evidence of any effect of antenna size upon the value of w0 .

Moll, et al.,* have used wind-velocity data provided by Smith and Singer of Brookhaven
National Laboratories to compute the rms value of wind-torque variation for the 600-ft para-
boloid to be built at the Naval Radio Research Station, Sugar Grove, West Virginia. The
wind data represented nine different runs, each of about 20 minutes duration. Using a value
of C0 = 0.55, they calculated rms torques for the different runs ranging from 18 x 106 to
74 x 106 lb ft, based upon a 26-knot wind at a 50-ft elevation.

The data of Fig. 29 were used to calculate the corresponding rms variation in wind
torque acting on a 600-ft-diameter reflector having the same drag coefficient as the antenna
at Stump Neck, Maryland. If the diameter ratio between the two antennas is raised to the
third power in this calculation, an rms torque value of 68 x 106 lb ft is obtained; for an
exponent of 3-2/7, the value becomes 130 x 106 lb ft. Considering the possible difference
in drag coefficients, and the tremendous extrapolation factor involved (103.26 = 1930),
these answers seem to be in fair agreement. (This example is quoted merely because of
the availability of published figures for comparison. It would not be recommended that
extrapolations of the present data be used in the design of a 600-ft antenna without very
careful interpretation.)

It will be recalled that the introduction to this report discusses a method of obtaining
a torque-density spectrum by the simple process of multiplying a wind velocity-density
spectrum measured at a single point by an "aerodynamic constant." (In the absence of on-
site data, a "typical" wind velocity-density spectrum would be used.) If wind-velocity
spectra were available for each run, it would be possible to compare them with the cor-
responding torque-density spectra and thus judge the validity of this method as applicable
to this antenna and site and make inference as to its more general validity. This has not
yet been accomplished, because the wind data, recorded by pen and ink, are not easily
processed in this form. An attempt will possibly be made to carry out this analysis, at
least for the runs in which the anemometer was not blanketed by the antenna. Probably a
curve tracer will serve to convert the pen-and-ink record to a voltage; this voltage can
be recorded and analyzed, using the same equipment which was used to analyze the torque
data.

It is recommended that measurements similar to those reported here be conducted
on several other large parabolic antennas in order to verify the feasibility of applying these
data to different configuration, at different sites. Specifically, it is suggested that eleva-
tion and azimuth wind-torque measurements be made on one of the similar 60-ft Kennedy
antennas at a different site and upon a larger antenna, such as a proposed 150-ft radar
antenna. If such work is undertaken, more than one wind-measuring equipment should be
used, in order to avoid blanketing by the antenna. The wind speed and direction should be
recorded in a fashion favorable to mechanized analysis.

CONCLUSIONS

A limited description has been obtained of the character of the wind torque acting
about the elevation axis of a particular 60-ft Kennedy antenna located at the particular site
described. Mean-squared torque spectral-density curves have been obtained for 60 different
33-minute runs with a variety of wind conditions and antenna orientations.

Moll, Kirschbaum, Wetherbee, and Weimer op. cit.
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This function may be approximated by the equation:

'OTT "K(,-2 + ;2 1 ) (16)

where
K = CV

4

.0 2_ 0.12 rad/sec

" "1 - 2 radisec

V = average wind velocity during run

C = a constant of proportionality.

Peak torques were observed during certain runs, and equivalent aerodynamic moment
coefficients were derived. The magnitudes of these peak torques show that a very "extreme"
wind-velocity profile must have occurred at some time during many of the runs. Root-mean-
square values of the variation in the wind-induced torque were obtained for all runs. Simi-
lar measurements should be made of the variations in wind-induced torque about the azimuth
axis of this antenna or a similar one. Elevation and azimuth torque variations should be
measured on several other large antennas to provide further design information.
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APPENDIX A

ANALYSIS OF STRAIN AMPLIFICATION SYSTEM*

The strain-gage mechanical amplifier has been analyzed previously for the case of
end deflection of a cantilever beam. It was shown how a specimen of negligible stiffness,
clamped between the free end of a cantilever and a fixed point in space, would undergo a
strain that was many times greater than the maximum strain found in the beam itself.
The amplification ratio for this particular case was, repeating,

1 =(7)

S2 3cL2

where L1 and L2 represent the lengths of the cantilever beam and the strain specimen
respectively and c is the distance from the neutral axis to the extreme fiber in the
cantilever.

Figure Al is a drawing of the strain amplifier as installed on the antenna. In the
actual device, the "fixed structure" of Fig. 8b is replaced with a 6 x 6 in. H-beam (25 lb
per ft) bolted to the elevation crank arm of the antenna at one end and connected to this
same member at the other end by means of the strain-gage specimen. Consider a wind
blowing on the top half of the dish in such a way as to transmit a counterclockwise torque
M. through the elevation yoke arms to the crank. Here the torque is balanced out by the
force F applied at the far end of the crank by the lead screw. Under the action of the
force system, the yoke-arm end of the crank rotates through a small angle 9, causing the
opposite end of the H-beam to move toward the crank (Fig. A2).

It will be noted that the lead-screw force F has been resolved into two components,
with lines of action parallel and normal to the strain specimen. However, only the former
component affects the instrumentation readings. The normal force will induce bending in
the specimen, but since strain gages are attached to either side, it is possible to cancel
out this effect in the bridge network.

If, as shown in Fig. A3, the crank-arm suspension can be approximated by a simply
supported beam, with modulus of elasticity Ep, and if the strain gage specimen can once
again be assumed to have negligible stiffness, then the slope 6' at the end where the
moment is applied equalst

M. L (Al)

3E111

For purposcs of simplifiation, we assume that the crank arm has a constant moment of
inertia I1 along its length.

By William L. Krewson.
tR. J. Roark, "Formulas for Stress and Strain," p. 102, case 19, New York:McGraw-Hiu,

1943.

40
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RESULTANT NINOI FORCE

SiAIN AMPLIFIER ,

Fig. Al Cutaway view of antenna, showing installation
of strain amplifier

~ Ii

Fig. A2 -Deflection of crank arm by F" J
wind load, H-beamn assumed rigid /

• • Fig. A3 -Crank arm suspended asa simply supported beam with end
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Since the strain specimen is presumably unable to restrain the motion of the H-beam,
the compression in the gage member, if the H-beam has the same length as the crank, will
be

MoL2
82 = 0 L, = E. I! (A2)

3I11

which makes the corresponding strain

8 2 K ML,2

2 L2  3EIIIL2  (AS)

The maximum bending moment in the crank arm will equal the applied torque M,.*
Hence the maximum strain c, in the crank ist

h!c (A4)
EliI

Thus, the strain-amplification ratio, E2/E 1 , assuming the crank arm simply supported
and the strain specimen to have z-ero stiffness, is

E2 L2 (A5)
- - I-_.(M

E 3cL
2

which is identical to Eq. (7), the ratio for the case of the cantilever beam.

Let us now consider the effect of compliance in the H-beam (assumed rigid above)
and stiffness in the gage member (previously assumed of zero stiffness) on the last ratio.
For this case, the configuration of the strain-amplifier members is as shown in Fig. A4.
Once again, the yoke-arm end of the crank has rotated through an angle 0, but because the
strain specimen has stiffness of its own, the H-beam no longer assumes the position shown
by the dashed line. Instead, the H-beam behaves as a cantilever whose end is deflected
upward a distance A from the unstrained position. The strain gage compression 82 is
therefore reduced by the same amount A. It now becomes

b2 = 19, - A. (A6)

If the gage exerts a force P upon the cantilever, the deflection A can be stated as

I P , (A7)
3E3I3

where E3 and 13 are respectively the modulus of elasticity and the moment of inertia of
the H-beam.

R.J. Roark, "Formulas for Stress and Strain," p. 102, case 19i New York:McGraw-Hill, 1943.

tThe stated crank-arm-strain expression is correct only for the condition shown in Fig. A3.
Actually, depending upon the direction of the wind force, compressive or tensile axial loads
will also be present at each end of the crank. However, since the cross-sectional area of
the crank is sufficiently large and the slenderness ratio (L/r) is relatively small, it seems

reasonable to disregard the secondary effect the axial forces will have upon the strain in
the crank arm.
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0

L2 •

OA U UNDEFLECTED BEAM

OC * DEFLECTED BEAM-ZERO STIFFNESS STRAIN GAGE

OB • DEFLECTED BEAM-GAGE OF APPRECIABLE STIFFNESS

Fig. A4 - H-beam configuration

But P is also the compressive force applied by the cantilever on the strain specimen.
Expressed in terms of the gage deflection and the gage modulus of elasticity, cross-sectional

area, and overall length (F.2 , A2 , and 12), P equals

A2E2S 2
P = - . (A8)

L 2

Substituting the last two relations and the earlier slope equation, Eq. (Al), into Eq.

(A6), and solving for 82 , we find

S ME 3 I L2

2 E(A9)
Ell, (3E 3 I 3 L. F 1)2L3)

Therefore, the new expression for strain in the gage will be

. 2 MoE,1 
AL?

2 -,. E 1 1(3E3 13L2  - E2A2 L ) (A10)

If we divide Eq. (A4), the expression for the maximum strain induced in the crank arm
by the applied toi-q:- 0 :o, into Eq. (A10), we find the new amplification ratio to be

"=2 E 313 L2

-- - I3  (All)

'1 c (3E -1IL, + EA L,3)

The above ratio can be rearranged to read

2
(A12)

3cL2 '+ _2 __

E31 3
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Comparing the last expression with Eq. (A5), it is seen that the denominator of Eq. (A12)
has been increased by the cE 2 A2L/E 3 I 3 term. Thus, the maximum value of strain ampli-
fication will result from a flexible gage specimen (small value E2A2 ) and a rigid lever
arm (high valu- E3 13 ). The crank-arm length L1 and the maximum fiber distance c are,
of course, fixed.

Let us assume that the same values for L,, L2 , and c apply as previously. If the
strain specimen is made of magnesium with a cross-sectional area of 0.0178 in.2 , and if
the lever arm is a steel H-beam with a moment of inertia ol 47 in. 4 , then a closer approxi-
mation of the mechanical amplification ratio will be, using the tabulated values below,

1.1 - 30 in. F2  - 6.5 1061b;/in.
2  13 47 in.

4

L 2 - 2 in. F3  30410
6

1bs/in.
2  A2 0.0178 in.

2

C 5 in.

E2 (30)2 900 21.9.

(3) (5) (2) , (5) (6.5.106) (0.017A) (30)3 30 , 11.08

(30-106) (47)

The previous value of the ratio, calculated for a strain gage of negligible stiffness, was
62/1'ý= 30.

Since the bending of the actual crank arm cannot be calculated accurately by the
simple bending formulas, this answer should be considered as only a rough figure
obtained for design purposes. The actual value of c2 /ic was obtained implicitly by the
calibration procedure.



APPENDIX B

VALUES OF FIRST CORNER FREQUENCY

As stated in the main body of this report, the values obtained for the first corner
frequency, - 0 , range from 0.03 to 0.29 radians per second. The average of these values
is 0.12; the median value is 0.109 radians per second.

The values of - 0 obtained for most runs are plotted versus average wind speed in
Figs. B1 through B6. The runs are grouped, as before, by antenna elevation angle and by
azimuth relative to the wind. Seven groups are represented. The other six groups
included too few runs to provide a meaningful plot.
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Fig. Bl - Log-log plot of first corner frequency
vs average wind speed, 00 elevation, Group I
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Fig. B2 - Log-log plot of first corner frequency
vs average wind speed, 00 elevation, Group II
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Fig. B3 - Log-log plot of first corner frequency
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No attempt was made to represent any of these groups of scattered p.ints by a curve
or straight line. These data do not seem to verify the simple physical reasoning whicil
would lead one to expect frequencies to tie directly propurtional to wind v locity. Selectiv-
averaging, however, reveals a slight tendency for higher corner frequenc:ies to be asso-
ciated with runs made at higher wind ve'ocities, as can be seen from the following list.

Values of Firet Corner Frequency

Average of all runs (60) 0.120 r~.dian/sec

Average of runs with avg. velocity greater than 5.0 kt 0.140 radian/sec

Average of runs with avg. velocity greater than 6.5 kt 0.143 1 adian/sec

Average of runs with avg. velocity greater than 8.0 kt 0.155 .adian/sec
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